Thymidylate synthase (TS) is the sole enzyme responsible for de novo biosynthesis of thymidylate (TMP) and is essential for cell proliferation and survival. Inhibition of human TS (hTS) has been extensively investigated for cancer chemotherapy, but several aspects of its activity and regulation are still uncertain. In this study, we performed comprehensive structural and biophysical studies of hTS using crystallography and thermal shift assay and provided the first detailed structural information on the conformational changes induced by ligand binding to the hTS active site. We found that upon binding of the antifolate agents raltitrexed and nolatrexed, the two insert regions in hTS, the functions of which are unclear, undergo positional shifts toward the catalytic center. We investigated the inactive conformation of hTS and found that the two insert regions are also involved in the conformational transition between the active and inactive state of hTS. Moreover, we identified a ligand-binding site in the dimer interface, suggesting that the cavity in the dimer interface could serve as an allosteric site of hTS to regulate the conformational switching between the active and inactive states. On the basis of these findings, we propose a regulatory mechanism of hTS activity that involves allosteric regulation of interactions of hTS with its own mRNA depending on cellular demands for TMP. .sg. 4 The abbreviations used are: TS, thymidylate synthase; hTS, human TS; TMP, thymidylate; dUMP, deoxyuridine monophosphate; DSF, differential scanning fluorimetry; SEC-MALS, size exclusion chromatography coupled with multi-angle light scattering; ITC, isothermal titration calorimetry; r.m.s., root mean square; ASU, asymmetric unit; DMSO, dimethyl sulfoxide; AS, active site; PDB, Protein Data Bank. 5 The numbering scheme used here is based on hTS. cros ARTICLE
Thymidylate synthase (TS) 4 (EC 2.1.1.45) catalyzes the reductive methylation of deoxyuridine monophosphate (dUMP) to thymidylate (TMP) using 5,10-methylenetetrahydrofolate as the methyl group donor. This enzyme provides the sole intracellular source of de novo TMP, an essential precursor for DNA synthesis and repair. Inhibition of TS leads to thymidylate depletion and thymineless death characterized with severe DNA damage, chromosome aberrations, and induction of apoptosis (1, 2) . hTS therefore serves as a critical point for intervention in cancer chemotherapy. Inhibitors of hTS, classified into fluoropyrimidines (e.g. 5-fluorouracil) and antifolates (e.g. raltitrexed), have been effective therapeutic agents for various cancers such as non-small cell lung cancer and colorectal cancer (3, 4) . However, the long-term effectiveness of these drugs is largely limited by the development of drug resistance (3, (5) (6) (7) . In attempts to overcome resistance problems, researchers continue to search for effective and specific inhibitors of hTS.
Extensive knowledge of structure and properties of the target protein can aid in formulating more efficient strategies for drug development. TS enzymes for Lactobacillus casei (L. casei) and Escherichia coli (E. coli) have been extensively characterized (8 -11) . As the protein sequence and primary structure of TS from various sources are highly conserved, L. casei and E. coli TS have been the standards for structural studies of difficultto-crystalize TS enzymes including hTS. However, there are three variable regions in TS: the N-terminal region and two insert regions (region I, residue 117-128; region II, residue 146 -153) 5 (supplemental Fig. S1 ). Despite extensive studies on hTS as a chemotherapeutic drug target in the last few decades, functions and implications of the three regions in hTS have received less attention. In recent years, the N terminus of hTS has been demonstrated to be a primary determinant of the intracellular stability of the enzyme (12) (13) (14) . Still, roles of the two insert regions remain unclear. Previous studies have reported two distinct states of hTS. One is the active state observed in the crystal structures of TS-nucleotide-(anti)folate ternary complexes (15) where the thiol group of catalytic Cys-195 points toward the pyrimidine ring of dUMP. The other one is an inactive state identified in structures from sulfate-containing conditions (16) and structures bound with dimer-interface ligands (17) where Cys-195 is rotated away from dUMP. hTS has been proposed to be involved in translational regulation of its own mRNA (18 -20) . It was also proposed that the inactive conformation may be involved in this autoregulation of hTS expression and stabilization of the inactive conformation could be a strategy to overcome the drug resistance problem associated with hTS overexpression (16, 21) . Considering that the inactive state has been discovered in hTS only, it is possible that the protein state is related to the unique insert regions in hTS.
Based on the study from Lovelace et al. (22) two hTS mutants (M190K and A191K) in the inactive conformation are explored in this work. To investigate the role of the insert regions in hTS and facilitate devising new strategies in hTS inhibitor design, we have performed comprehensive structural and biophysical studies on the active and inactive conformers of hTS. The active conformer has been explored by obtaining the three-dimensional structures of ternary complexes of three different antifolates. Our data suggest that the two insert regions in hTS are involved in conformational changes triggered by antifolate binding. Moreover, these two regions may play critical roles in conformational switching between the active and inactive states of hTS.
Results

Characterization of wild-type and mutant hTS
Both wild-type and mutant (A191K and M190K) hTS were analyzed using size exclusion chromatography coupled with multi-angle light scattering (SEC-MALS). The results indicated that both wild-type and mutant protein existed as dimers (data not shown). The proteins were further analyzed using a thermal shift assay, differential scanning fluorimetry (DSF), showing that they had distinct melting profiles ( Fig. 1a ). Melting of wildtype hTS featured a biphasic profile. However, the two mutants had a monophasic melting curve and both gave high initial fluo-rescence, indicating that the mutants folded with a large area of hydrophobic patches exposed to solvent. Interestingly, when the two mutants were titrated with dUMP, the initial fluorescence decreased ( Fig. 1) , indicating that the mutants were reversed to the active state by dUMP binding as reported previously (16) . The dose-response experiments revealed that A191K had higher affinity for dUMP compared with M190K. This was further confirmed with isothermal titration calorimetry (ITC) (supplemental Fig. S2 ): A191K had a K D of 4.94 M for dUMP that was similar to wild-type TS (K D of 1.19 M), whereas M190K showed two-site sequential binding with one site having significantly lower affinity K D1 at 1.32 mM and K D2 at 1.75 M.
Conformational changes upon dUMP and antifolate binding
We used one ligand-free crystal form of a N-terminal-truncated protein construct (residues 26 -313) to study the conformational changes of hTS triggered by ligand binding. The structures of the TS-dUMP binary complex and TS-dUMPantifolate ternary complexes were obtained by soaking the compounds into the same crystal form to avoid errors resulting from different crystal packing forces.
The apocrystal structure (unsoaked) TS-P i adopted the active conformation and had a phosphate ion bound in the position corresponding to the phosphate moiety of dUMP ( Fig.  2a ). The asymmetric unit (ASU) of the crystal form contained six monomers of hTS. Differences in atomic position among the six subunits were small, except for the C-terminal residues. Only in two of the six monomers, the last six residues at the C-terminal loop were clearly defined with electron density. The difference could be the result of distinct crystal packing interactions as the six subunits reside in non-identical crystallographic environment. The structure of TS-dUMP was virtually identical to the structure of TS-P i , with the root mean square Mutants M190K and A191K have monophasic melting profiles but give high initial fluorescence. b, dUMP dose-response (DR) data on wild-type TS. Adding dUMP into wild-type TS converts the melting profile to a monophasic curve by stabilizing the first phase. Further titration leads to concentration-dependent stabilization of the monophasic curve. c, dUMP DR data on A191K. d, dUMP DR data on M190K. Addition of dUMP results in reduction of initial fluorescence on both A191K and M190K. The melting profiles of the mutants are gradually transformed to biphasic curves as observed for wild-type TS. A191K is further stabilized at the first phase and exhibits a monophasic profile in the presence of 2 mM dUMP, but M190K fails to achieve that, suggesting M190K has lower affinity for dUMP. deviation (r.m.s. deviation) of 0.148 Å for C ␣ atoms (0.241 Å for all atoms).
Three ternary complex structures with known antifolates were determined ( Fig. 2b) : TS-dUMP-raltitrexed, TS-dUMPmethotrexate, and TS-dUMP-nolatrexed. These are the first structures of hTS in complex with methotrexate and nolatrexed. An interesting finding is that soaking crystals with nolatrexed resulted in changes of crystal unit cell and space group ( Table 1 ). The unit cell and space group conversion reflects the gain of symmetry and corresponds to a switch from six molecules to two molecules per ASU. Nolatrexed has been reported to behave as a noncompetitive inhibitor of hTS with unknown mechanism (23), but the structure we determined showed that nolatrexed bound competitively to the folate-binding site. The three antifolates bound in a similar manner to folate as previously described (24, 25) , with the quinazoline ring packed face to face against the pyrimidine and ribose ring of dUMP. The L-glutamate moiety of raltitrexed and methotrexate bound in the entrance channel to the active site. Different from the well determined density map for quinazoline ring, the electron density of L-glutamate moiety in both structures were not clearly defined, implying that the L-glutamate group retained certain flexibility in the binding site.
Overlaying the structures revealed that nolatrexed triggered the largest conformational changes, with methotrexate the smallest. The radius of gyration calculated for the ternary complex dimer was 23.96 Å for nolatrexed, 23.99 Å for raltitrexed, and 24.08 Å for methotrexate, compared with 24.07 Å for the binary TS-dUMP dimer. Compared with the structures of TS-P i and TS-dUMP, several stretches of the protein adopted slightly different positions in the ternary complexes, including mainly the ␣-helixes and connecting loops lining the active site (helix AS-␣1, AS-␣2, insert region I, insert region II, and the C-terminal loop) as shown in Fig. 2 , b and c. These segments were shifted in concert toward the active center of TS upon the binding of raltitrexed and nolatrexed, serving to close the active site. The largest shift of C-terminal loop occurred in the structure of TS-dUMP-nolatrexed, where the C-terminal region moved up to 2.2 Å further into the active site accompanied with a shift of the substrate-binding loop (Fig. 2c ). In the shifted helixes, residues moved as units to avoid disruption of the favorable hydrogen-bond patterns in these segments as well as to make interactions with the ligands. The only residue that underwent extra rotation of side chain was the fully conserved Trp-109, of which the indole ring rotated into the active site by 6°in raltitrexed structure and 3°in nolatrexed structure to interact with the quinazoline ring ( Fig. 2d ). Binding of methotrexate was unable to elicit these positional shifts, which was likely because that its quinazoline ring is too far away to make contacts with the lining segments.
Crystal structures of mutant hTS in the inactive conformation
The crystal structures of hTS in the inactive conformation reported so far were obtained from similar conditions containing ammonium sulfate (16, 17, 22, 26) . It is reasonable to question the relevance of these structures when the inactive conformers risk to instead be crystallographic artifacts due to the high concentration of sulfate in the crystallization buffer as several sulfate ions are observed in the structures. Structures from crystal conditions free of sulfate and phosphate are therefore 
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important to evaluate the significance of the previously proposed inactive conformation of hTS. Although most crystals of M190K and A191K were in conditions containing various amounts of sulfate ions from our crystallization screening effort, we managed to get crystals of A191K from a sulfate-and phosphate-free condition.
Three mutant structures were used for following analysis: A191K crystallized in a sulfate-free condition as A191K-sf; A191K crystallized in a sulfate-containing condition as A191Ks; and M190K crystallized in a sulfate-containing condition as M190K-s ( Table 2 ). The structures of A191K-sf and A191K-s were virtually identical (r.m.s. deviation at 0.126 Å for C ␣ atoms and 0.149 Å for all atoms), both adopting an inactive conformation with the catalytic Cys-195 directed away from the active site ( Fig. 3a ). This confirms that the inactive conformation is not due to high concentrations of sulfate ions in the crystallization solutions. In the structure of A191K-sf, there were two extra tetrahedral densities near the dUMP-binding site, into which we fitted two phosphate ions ( Fig. 3b ). As illustrated in Fig. 3c , one of the phosphate ions sits close to but different from the position of the phosphate moiety of dUMP. The highlyconserved residues accommodating the phosphate moiety of dUMP (Arg-50, Arg-215, Arg-175Ј, and Arg-176Ј) interacted extensively with the two phosphate ions in the inactive conformer as well, but all in a different conformation compared with the active state. Notably, two additional residues, Asn-183 and Arg-185, which were about 18 Å away from dUMP in the active conformer, came in and interacted with the two phosphate ions in the inactive conformer. It was clear from the structure that the two phosphate ions played an essential role in stabilizing the inactive conformer. Because there was no phosphate added during protein purification or crystallization for the A191K-sf structure, the phosphate ions in the structure were likely picked up in the host cell and co-purified with the protein.
Superposition of the three inactive mutant dimers with inactive wild-type hTS (PDB code 1HW3) and the active dimer of TS-dUMP showed that the dimer interface ␤-sheet core and the region near the N termini were relatively conserved between the active and inactive states (Fig. 4a ). The structural differences were mainly located on the opposite site ( Fig. 4b) , with the major and most apparent differences in the active site (AS) loop, insert regions I and II as highlighted in Fig. 4c . An interesting finding was that the structures of A191K, M190K, and the inactive wild-type hTS were divergent in these three protein segments, although all adopted an inactive conformation of the active site cysteine. In the comparison shown in Fig.  4d , the AS loop twists the ends of the loop and relocates to the inactive state observed in the structure of the inactive wild-type protein (PDB code 1HW3). In the inactive state of A191K, conformation of the AS loop is further aligned and shifts away from the dimer interface, accompanied with shifting of the external face of insert region II (Fig. 4c ). In the inactive conformation of M190K, residues 187-192 in the AS loop reposition to form one additional helical turn. All conformational rearrangements in the AS loop are coupled with adjustment in insert regions I and II by moving away from their original positions that would block the inactive conformation of the AS loop sterically. As a Values in parentheses are for the highest resolution shell.
where F o is the observed structure factor amplitude and F c is the calculated structure factor amplitude. R free is the same as R work but was calculated using a random set containing 5% of the data that were excluded during refinement.
consequence, the inactive dimers of hTS are less compact and the dimer interface becomes more solvent accessible. The exposed hydrophobic dimer interface could explain the high initial fluorescence of DSF melting curves observed in mutant proteins. The relatively lower initial fluorescence in A191K compared with M190K could be correlated to the conformational differences in the accessibility of the dimer interface reflected in the crystal structures of the two mutants.
Identification of a novel binding site in the dimer interface
In a fragment screening campaign using DSF, we identified fragment F13 as a hit for wild-type hTS. Validation using X-ray crystallography revealed that fragment F13 bound in the dimer interface of the active hTS conformer. As shown in the crystal structure (Fig. 5, a and b) , the fragment bound to a fairly polar cleft in the dimer interface formed by Glu-145 (in the insert region II) together with Asn-183, Arg-185, and Asp-186 (in the AS loop) from each hTS monomer. Compared with the structure of TS-dUMP, side chains of residue Arg-185 and Arg-185Ј are shifted (3.8 Å for C ) to accommodate F13 in the dimer interface ( Fig. 5d ). Nevertheless, this polar cleft disappeared and was replaced with an exposed and relatively hydrophobic pocket in the inactive conformers due to conformational changes (Fig. 5c ). This is the first time that a binding site discovered in the dimer interface of the active hTS conformer though ligand binding has been reported in the inactive conformation (17) . No significant effect was observed on hTS enzymatic activity for this fragment at its soluble concentrations (data not shown), which was not uncommon for fragment binders and was often because the affinity and solubility of the fragment were too low to generate a detectable difference in enzymatic assays. However, F13 led to small but significant concentration-dependent stabilization on wild-type hTS in the presence of dUMP using DSF (Fig. 5f ). Mutation of Arg-185 to alanine (R185A) did not affect the binding of dUMP but abolished the binding of F13 (Fig. 5, e and f) , which was consistent with the structural data that Arg-185 plays a critical role in F13 binding but not in dUMP binding. Moreover, F13 resulted in reduction of the initial fluorescence intensities on both M190K and A191K (Fig. 5, g and h) , similar to the effect elicited by the binding of dUMP. The data suggest that ligand binding at this undiscovered binding site could cause conformational switching similarly as dUMP. The binding site in the dimer interface could therefore be a new site for small molecule intervention to modulate hTS activity.
Discussion
The conformational changes of TS induced by folate/antifolate binding have been well described because the first structures of ternary complexes of E. coli TS were determined (9) . However, there has been a lack of information on the conformational changes of the hTS protein. In the current study, we have established several structures of the functional complexes of hTS and also compared the crystal structures of unliganded hTS with binary and ternary complexes using the same crystal form via soaking. Overall, the conformational changes taking place in hTS are similar to those observed in E. coli TS: binding of dUMP does not trigger significant protein rearrangement; binding of antifolate induces extensive conformational changes involving mainly the C-terminal loop and protein segments lin-ing the active site moving to close the cavity. Nevertheless, hTS is distinct from E. coli TS in that the two insert regions are also involved in the conformational changes. The two regions undergo positional shifts with a vector toward the active site upon the binding of raltitrexed and nolatrexed. It is notable that these two insert regions are also key players in the conformational switching between the active and inactive states of hTS. In contrast to the closure of the active site in the ternary complexes, they open upon inactivation. It is therefore likely that the two insert regions in hTS function to increase conformational flexibility and cooperativity of the enzyme and thus facilitate to overcome the energy barrier associated with conformational changes.
In this work, we have investigated two inactive hTS mutants (M190K and A191K). DSF data with high initial fluorescence indicates that the mutants have large areas of hydrophobic region exposed to solvent. This turns out to be in agreement with the crystal structures, where the two inactive conformers open insert region II and thus expose the hydrophobic ␤-sheets in the dimer interface. We have also investigated the binding of dUMP to the two mutants and proved that the inactive conformers could be reversed to the active state by ligand binding in the active site. Together with the previous studies where wild-type protein crystallizes in an inactive conformation (16) , the data demonstrate that hTS exists in an equilibrium of active and inactive conformations. There have been several ligands reported in the dimer interface of inactive hTS conformers (17) . The discovery of fragment binding in the active dimer interface further supports that the dimer interface of the hTS protein is able to accommodate different types of ligands in the active and inactive states. The cavity in the dimer interface could potentially serve as an allosteric site of the enzyme to regulate the conformational switching of hTS.
The crystal structures obtained in this study provide insights into the mechanism of hTS activation and inactivation. The three different inactive states shown in Fig. 4 possibly represent snapshots of the conformation transition trajectory: the inactive form obtained from wild-type protein as the less ordered intermediate state I; A191K as a more ordered intermediate state II; and M190K as the ultimate stable inactive state. This is supported by our DSF data and ITC data that A191K confronts lower energy barrier to switch between the active and inactive states induced by dUMP binding. However, it is possible that the inactive conformation observed in M190K is not present in the functional cycle of the wild-type protein but a result of a mutation artifact, considering that conformation of the AS loop that contains the mutation site is very different from that in the inactive conformer of wild-type hTS.
In the inactive conformer of A191K-sf, there are two phosphate ions bound in the vicinity of the active site when no additional phosphate ions are added. However, in the active conformation, hTS binds only one phosphate ion in the position corresponding to the phosphate moiety of dUMP at 100 mM phosphate concentration. The difference in anion binding indicates that the conformational switching from the active to inactive state significantly changes the electrostatic properties of the protein. The molecular electrostatic potential shows that the folate-binding region exhibits the largest area of positively charged surface in both the active and inactive conformers (supplemental Fig. S3 ). This is the region expected to bind to the polyglutamate moiety of activated (anti)folates in cells. Taking the marked changes in propensities for phosphate binding into consideration, it is possible that this positively charged region serves as the folate-binding site in the active state, whereas it is involved in the binding of mRNA in the inactive state of hTS, as proposed in previous studies (18 -20) . Moreover, the protein segment (residues 107-114) in the folatebinding region is ordered in the active conformation but disordered in the inactive conformers. The disorder/mobility of this segment might correlate with mRNA binding and could be the recognition site of mRNA.
As the sole enzyme involved in de novo synthesis of TMP, hTS is supposed to be tightly regulated to meet the metabolic demands and also to maintain the appropriate nucleotides balance. However, unlike other enzymes involved in nucleotide synthesis that are typically regulated via allosteric interactions and feedback inhibition, regulation of hTS activity has only been reported on its translation and the detailed mechanism for this regulation remains unclear. In this study, we have discovered that the two insert regions in hTS play key roles in the conformational changes of both the active and inactive states. Additionally, a cavity at the dimer interface has been identified, which might function as an allosteric site to regulate the transition between the active and inactive states of hTS. Integrating the experimental data, a regulatory mechanism of hTS activity is proposed: in the resting state of cells, hTS populates the inactive conformation due to an allosteric effector in the dimer interface cavity and binds to its own mRNA thus repressing hTS protein synthesis; when cells start to divide, another allosteric effector binds to the dimer interface to activate hTS and release it from mRNA, leading to an increase in both hTS protein level and enzyme activity to meet the cellular demands. Even though our screening of a metabolic library did not identify any effectors (data not shown), it is possible that the natural effectors are linked to the cell cycle and synthesis of other nucleotides so that the appropriate balance of the four nucleo-tides required for DNA synthesis is maintained. Further studies are needed to investigate and establish the mechanism.
Experimental procedures
Recombinant protein expression and purification
Recombinant protein expression and purification of hTS protein has been described previously (27) . Briefly, gene encoding hTS (GenBank TM accession code: NM_001071.2) was subcloned into pNIC28-Bsa4 vector and expressed in Rosetta BL21(DE3) E. coli (Novagen) in Terrific Broth media. A hTS protein construct with residues 1-25 deleted was subcloned using the same method. All hTS constructs were purified using immobilized metal affinity chromatography followed by gel filtration chromatography on a ÄKTAxpress system (GE Healthcare). Protein was incubated with tobacco etch virus protease in a 1:20 molar ratio (protease:target protein) to remove His 6 tag at 4°C overnight. The final buffer for full-length hTS, M190K, A191K, and R185A was 20 mM HEPES, 300 mM NaCl, 10% (v/v) glycerol, and 1 mM tris(2-carboxyethyl)phosphine, pH 7.5. The buffer for the N-terminal-truncated hTS used for crystallization was 100 mM PO 4 , 100 mM NaCl, and 2 mM tris(2-carboxyethyl)phosphine, pH 7.4.
Site-directed mutagenesis
The plasmid of full-length hTS was used as a template for site-directed mutagenesis. The mutant constructs were generated by polymerase chain reaction-based methods using KOD Xtreme TM Hot Start DNA polymerase (Millipore) according to the manufacturer's instructions. The sequence of forward primer used for the M190K construct was 5Ј-CCAAG-AGATCTTCCTCTGAAGGCGCTGCCT-3Ј. The sequence of the forward primer used in A191K site-directed mutagenesis was 5Ј-GAGATCTTCCTCTGATGAAGCTGCCTCCATGC-CATG-3Ј. The sequence of the forward primer used in R185A site-directed mutagenesis was 5Ј-TGCGCTTGGAATCC-AGCGGATCTTCCTCTG-3Ј. All mutant constructs were verified by DNA sequencing.
SEC-MALS
SEC-MALS was performed using a Superdex-200 15/150 GL column (GE Healthcare) combined with a miniDAWN TREOs light-scattering detector coupled with an Optilab rEX refractive index detector (Wyatt Technology). All experiments were conducted at room temperature at a flow rate of 0.3 ml/min. The injected protein sample was typically 20 l of 6 mg/ml of protein. Molecular mass calculations were performed using the Astra6.1 software (Wyatt Technology). Input of the refractive increment (dn/dc values) was set at 0.186 ml/g in the molecular mass calculations. The molecular mass was determined across the protein elution peak.
Differential scanning fluorimetry
DSF was performed on the iCycler iQ Real Time PCR Detection System (Bio-Rad), using the 96-well thin-wall PCR plate (Bio-Rad). The experiment was conducted in a buffer of 20 mM HEPES, pH 7.5, and 150 mM NaCl. A total volume of 25 l of solution containing 0.2 mg/ml of protein, compounds, and 5ϫ Sypro Orange (Invitrogen) diluted from 5000ϫ stock was dispensed into each well of the 96-well plate using a multichannel pipette. The same amount of dimethyl sulfoxide (DMSO) was added instead of compounds in the control wells. The plates were sealed with Microseal B adhesive sealer (Bio-Rad) and heated in iCycler from 25 to 80°C (56 heating cycles in 28 min). Fluorescent filter was used for Sypro Orange with excitation ϭ 492 nm and emission ϭ 610 nm. The calculation of the midpoint of the curves (T m ) was performed using the software package XLfit (ID Business Solutions).
ITC experiments
Protein was dialyzed with a buffer containing 20 mM HEPES, pH 7.5, and 150 mM NaCl at 4°C overnight. The protein and compound samples were matched in terms of buffer condition. The protein was loaded into the iTC200 (Microcal) cell. Titrations were initiated with one 0.5-l injection, followed by 16 to 20 larger volume injections, injected at 180-s intervals, at 25°C. Stirring speed was 700 rpm. The heat peaks integration and non-linear regression analysis were performed with the Origin software (Microcal) and fitted to a single-site binding model to determine the parameters for stoichiometry N, K D , and ⌬H.
Protein crystallization
The ligand-free crystal form of the N-terminal-truncated hTS was obtained in sitting drops of 3 l comprising an equal volume of protein (about 24 mg/ml) and crystallization buffer at 20°C. The reservoir contained 500 l of crystallization buffer composed of 0.1 M sodium calcodylate, pH 6.5, and 25% PEG 4000.
The mutant protein A191K crystallized in two different conditions. Crystals was obtained by mixing protein (31 mg/ml) with crystallization in a 1:1 ratio to set up sitting drops of 2 l at 20°C. The crystallization buffer for the crystal form of A191K-sf was 100 mM HEPES, pH 7.0, and 10% PEG 6000. The crystallization buffer for the crystal form of A191K-s was 100 mM Tris, pH 8.5, 0.2 M lithium sulfate, and 1.26 M ammonium sulfate.
The mutant protein M190K crystallized in a buffer containing 100 mM MES, pH 6.5, 1.6 M ammonium sulfate, and 10% 1,4-dioxane at 4°C. The protein (29 mg/ml) was mixed with crystallization buffer in a 1:3 ratio to set up sitting drops of 2 l.
Crystals were transferred to the corresponding reservoir solution supplemented with 10% DMSO as cryo-protectant. For soaking with ligands, compounds were prepared at the desired concentrations in cryo-protectant. Crystals were transferred into the soaking buffer and incubated for 10 to 15 min at room temperature, followed by flash freezing in liquid nitrogen.
Data collection and structure determination
X-ray diffraction data were collected on the beamline MX1 and MX2 at the Australian Synchrotron, and on the 13B1 beamline at the National Synchrotron Radiation Research Center, Taiwan. Collected data were indexed and processed with the HKL2000 software (28) . The structures were solved by molecular replacement using Phaser (29) with the TS-dUMPraltitrexed structure (PDB code 1I00) as the search model for wild-type proteins and the inactive conformation of hTS struc-ture (PDB code 1HW3) as the search model for mutant proteins. All the solvent molecules and ligands were removed prior to molecular replacement. Model building and structure refinement were carried out using REFMAC5 (30) , respectively. The model was checked and manually improved in Coot (31) . Structure validation was carried out using a Ramachandran plot (32) . Ligand structures and restraints files were generated using Phenix.eLBOW (33) . The statistics of data collection and structure refinement were summarized in Tables 1 and 2 . Stereographic pairs of electron densities around the ligands in all structures are shown in supplemental Fig. S4 .
Accession codes
The crystal structures of TS-P i , TS-dUMP, TS-dUMPraltitrexed, TS-dUMP-methotrexate, TS-dUMP-nolatrexed, and TS-dUMP-F13 have been deposited with the RCSB Protein Data Bank under the accession codes 5X5A, 5X5D, 5X5Q, 5X66, 5X67, and 5X69, respectively. The structures of mutant TS A191K-sf, A191K-s, and M190K-s have been deposited under accession codes 5X4W, 5X4X, and 5X4Y, respectively.
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